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Abstract

Membrane technologies are a useful solution for water treatment, especially for removing trace amounts of different pol-
lutants. Current research is focused on improving the removal efficiency of polyvinylidene fluoride (PVDF) membranes to
heavy metal ions, such as lead(Il), cadmium(II), and chromium(III). The surface chemistry and morphology of PVDF mem-
branes were varied applying the sol—gel approach for functionalization. It involved (1) diethylphosphatoethyltriethoxysilane
(DPTES) or 3-mercaptopropyltrimethoxysilane (MPTMS) as functionalizing precursors, (2) different concentrations of the
initial sols, and (3) NH,OH or HCI as the catalysts for the hydrolysis and co-condensation reactions. According to the SEM
analysis of the surface texture, alkaline catalyst and low sol concentration result in the formation of porous membrane active
layers. Membrane weight loss after water filtration under pressure indicated the dependence of layer stability on the condi-
tions of functionalization, namely the membranes with phosphonic groups prepared in an acidic medium are more resistant
to rinsing. Functionalized PVDF membranes demonstrated a significant increase in sorption efficiency along with high water
flux. Overall, such membranes were sufficient for treating water with ion concentrations lower than 100 mg/L, whereas the
applied functionalization technique is promising for adjusting the parameters of the final membranes.

Keywords Sol-gel method - Ultrafiltration - Polyvinylidene fluoride membrane - Functionalization - Water treatment -
Phosphonic groups - Thiol groups

Introduction

Membrane separation is a very important process for chemi-
cal technology with multiple applications, including water
purification, gas separation, pharmaceutics, electrodialysis,
proton conductivity, and others. By materials, the mem-
branes can be classified into organic, inorganic, and com-
posite (Oyama and Stagg-Williams 2011). Among the com-
posite membranes, there are hybrid membranes containing
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components of various nature (Chen et al. 2013; Shi et al.
2013; Worthley et al. 2013; Choudhury et al. 2018). Com-
posite membranes are usually produced by functionalization
of polymeric or ceramic membranes, involving the introduc-
tion of certain substances or particles with predetermined
properties, e.g., complexation, hydrophobicity, or hydro-
philicity. The process of introducing additional components
can be carried out either by modification of the membrane
support (Worthley et al. 2013; Li et al. 2015; Choudhury
et al. 2018) or at the stage of synthesis of the membrane
itself (Wang et al. 2011; Galve et al. 2013). Modification of
the top layers of the membranes leads to the formation of
composite materials with a layered structure (Bauman et al.
2013; Worthley et al. 2013; Li et al. 2015).

For the processes of membrane modification and func-
tionalization, trialkoxysilanes RSi(OX); (where —R is
a functional group and —-OX is a hydrolyzable alkoxy
group) are widely used. There are several techniques of
membrane functionalization with trialkoxysilanes. One
of them assumes direct treatment of the membrane with
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trialkoxysilanes (Singh et al. 2005; Sah et al. 2004; Abidi
et al. 2006; Han et al. 2013; Atallah et al. 2017); another one
suggests applying trialkoxysilanes (usually in combination
with tetraalkoxysilanes) for depositing polysiloxane layers
on the membrane supports (Wang et al. 2011; Bauman et al.
2013; Sadeghi et al. 2013; Worthley et al. 2013; Martin et al.
2015). It is also possible to use trialkoxysilane as a “gluing
agent” when attaching additional components to the mem-
brane surface (Hyun et al. 1996; Yang et al. 2014) or intro-
duce during membrane synthesis, as one of the monomers in
polymerization (Chakrabarty et al. 2013). Trialkoxysilanes
with hydrophobic groups were used to modify ceramic mem-
branes to remove the charge on their surface and thereby
improve their resistance to pores clogging (Sah et al. 2004;
Atallah et al. 2017). Meanwhile, the functionalization with
silanes containing complexing groups can be carried out
to increase the adsorption of heavy metals in the filtration
of aqueous solutions (Boroujeni et al. 2016; Tomina et al.
2013a, b, 2015, 2017).

It should be mentioned that by their pore sizes and,
accordingly, the size of the retained particles (as well as the
working pressure and water flux), the membranes can be clas-
sified into micro-, ultra-, nanofiltration, and reverse osmosis
(MF, UF, NF and RO, respectively). MF and UF membranes
with relatively high water flux and low working pressures
work like sieves rejecting only substances exceeding their
pore sizes and can be used to clean water from turbidity or
microorganisms (AWWA 2008). However, there is a problem
of water purification from metal ions coming from water-
soluble industrial waste. Such waters contain chrome, nickel,
zinc, and other metals widely used in the steel industry. In
addition, wastewater may contain lubricants that may pollute
the membranes. At high concentrations of metal ions, they
are precipitated, while the residual amounts are removed by
membrane filtration. UF separates and concentrates insoluble
heavy metal salts, reducing the amount of contaminants in
wastewater to sufficiently low levels (several mg/L). Then,
NF and RO membranes with much smaller pore sizes can
be used to purify water from molecules and ions. For exam-
ple, Qdaisa and Moussa (2004) showed that RO cleans water
from ions of copper and cadmium more efficiently, 98-99%
compared to 90-97% for NF. Functionalization of the mem-
branes (MF, UF, or NF) with polysiloxane coatings applying
the sol—gel technique allows increasing the degree of water
purification, even if their pores are larger than the ion sizes
due to the complexation with the surface functional groups
(Tomina et al. 2013a, b) in addition to the membrane mecha-
nism when bridged silanes are used in the formation of silox-
ane network (Tomina et al. 2015).

Thus, we aimed to improve the heavy metal ion removal
efficiency of polymeric PVDF UF membranes by function-
alizing them with porous polysiloxane layers containing
thiol [=Si(CH,);SH] or phosphonic [=Si(CH,),P(O)(OH),]
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groups. Thiol groups are known to possess high affinity to
the ions of silver, mercury, cadmium, and lead (Samiey et al.
2014; Stolyarchuk et al. 2018). The addition of MPTMS
for the synthesis of silica makes it possible to prepare sor-
bents with very high distribution coefficients and increase
the efficiency of water purification by ceramic membranes
(Boroujeni et al. 2017; Tomina et al. 2017). Materials with
phosphonic groups also possess high sorption properties
(Gunathilake et al. 2015; Milyutin et al. 2014; Melnyk et al.
2012). They can be synthesized using DPTES, containing
phosphate groups —P(0)(OC,Hjs),, but it requires subsequent
treatment with concentrated hydrochloric acid to produce
the phosphonic groups —P(O)(OH), (Mel’nik et al. 2010).
However, the majority of polymeric membranes are unstable
in the concentrated acids; therefore, such functionalization
of PVDF membranes by polysiloxane layers with phospho-
nic groups pursues several goals: introduction of acidic
groups, increasing hydrolytic stability (especially in acidic
environment), increasing retention of heavy metal ions. To
avoid the action of concentrated hydrochloric acid on initial
membrane support, the phosphate groups of DPTES were
hydrolyzed into phosphonic prior to the functionalization.

It also should be mentioned that we conducted the synthe-
sis and deposition of functional polysiloxane coatings in one
stage. It means that there occurred the co-condensation of
structure-forming tetraethoxysilane (TEOS) with functional-
izing silane (either DPTES or MPTMS), rather than succes-
sive deposition of polysiloxane layer from TEOS followed
by modification of the silica coating with trialkoxysilanes.
Such technique allows controlling the morphology of the
formed layers, depending on the ratio of the reacting com-
ponents, the type of catalyst, the nature and size of the func-
tional groups. Therefore, we also tried to analyze the impact
of the reaction conditions in the systems TEOS/DPTES and
TEOS/MPTMS on the morphology and filtration properties
of functionalized PVDF membranes.

Experimental section
Materials

The ultrafiltration membrane PVDF 400 from SEPRO Mem-
branes Inc. (Polyvinylidene fluoride membrane on polyester
support) was used as initial membrane support.

Tetraethoxysilane (TEOS, 98%, Aldrich); 3-mercapto-
propyltrimethoxysilane (MPTMS, >95%, Merck), dieth-
ylphosphatoethyltriethoxysilane (DPTES, 92%, ABCR),
ammonium hydroxide solution (NH,OH, 25%, Aldrich), eth-
anol (95.6%, Sigma-Aldrich), n-isopropanol (99.8%, Sigma-
Aldrich), and hydrochloric acid (37%, Sigma-Aldrich) were
used to synthesize functional layers.
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The following salts were used to study sorption:
lead(II) nitrate (Pb(NO;),, 99.0%, Sigma-Aldrich),
cadmium(Il) nitrate tetrahydrate (Cd(NO;),-4H,0, 98.0%,
Sigma-Aldrich), and chromium(IIl) nitrate nonahydrate
(Cr(NO;);-9H,0, 99.9%, Sigma-Aldrich).

Techniques of membrane functionalization

First of all, there were prepared functionalizing sols, which
were diluted and deposited on the membrane surfaces to
functionalize the membranes.

Preparation of functionalizing sols using DPTES

In the beginning, it was necessary to hydrolyze ethoxy
groups near the phosphorus atom of DPTES. 1 mL of
DPTES and 10 mL of 37% HCI were boiled (80 °C) on a
water bath with reflux condenser for 24 h. Then, the acid was
evaporated to a glassy substance, followed by the fourfold
addition and evaporation of 10 mL of water. The resulting
glassy substance was ground to a white powder, dried at
110 °C, and further labeled as H-DPTES.

The NH,OH-catalyzed sol was prepared by mixing the
solutions of TEOS (6 mL of n-isopropanol, 0.63 mL of H,O,
0.2 mL of NH,OH, and 0.27 mL of TEOS) and H-DPTES
(0.15 g of H-DPTES in 1 mL of H,O and 2 mL of n-isopro-
panol) at 3:2 molar ratio of TEOS:H-DPTES.

To prepare the HCl-catalyzed sols, preliminary hydrol-
ysis of TEOS was carried out: 2.5 mL of TEOS, 2.5 mL
of 0.0024 M HCI, and 2.5 mL of ethanol were stirred at
70 °C for 30 min. Then, hydrolyzed TEOS solution was
mixed with H-DPTES solution (0.2 g of H-DPTES, 4 mL.
of 0.0024 M HCI, and 4 mL of ethanol) at 3:2 molar ratio
of TEOS:H-DPTES.

Preparation of functionalizing sols using MPTMS

The sols with thiol groups were prepared in the same manner
as described above, both with NH,OH and HCI as catalysts
of hydrolysis, but instead of a batch of H-DPTES, 0.15 and
0.2 mL of MPTMS were used for the syntheses with NH,OH
and HCI, accordingly.

Depositing sols on the membranes

Each of the prepared sols was divided into three portions
and diluted with corresponding alkohol (n-isopropanol for
NH,OH- and ethanol for HCl-catalyzed sols) as indicated
in Table 1. First portion remained undiluted, second was
diluted 1/4 (v/v), and third 1/10 (v/v), and the final samples
were marked, respectively, with 1, 2, and 3. The membranes
were seeped by the sols with a ratio of 0.008 mL of sol per
1 cm? of membrane and dried at 40 °C for 24 h.

Characterization

SEM images were acquired using a scanning electron micro-
scope JSM-6060 LV (JEOL, Japan).

Potentiometric titration was used to determine the
molecular weight and phosphonic ionization constants
of H-DPTES. The batches of 0.01, 0.02, and 0.04 g of
H-DPTES were poured with 20 mL of 0.1 N NaNOj solution
(solid-to-liquid ratios 1:500, 1:1000, and 1:2000, respec-
tively). 0.11 N NaOH solution was used as a titrant; it was
added dropwise and under constant stirring in portions of
0.1 mL, and a change in the pH was measured using Iono-
metric [-500.

The dissociation constants (K) of phosphonic acid groups
of H-DPTES were calculated using Egs. (1)-(5) (Albert and
Serjeant 1962):

_ [H'[A7]
= THAT (D
[HA] = VP(O)(OH); - VNaOH’ @
—1 _ YNaOH
[A7] = -~ 3
[H"] = 107PH, 4)
[HA] — [H*]
K=pH+1 e
PRE PR [[A-] n [Hﬂ]’ ©)

where pK =—logK; [H*], [A™] and [HA] are equilibrium
concentrations of protons, anions and undissociated acid

Table 1 The list of synthesized

) Sol dilution ~ Catalyst NH,OH Catalyst HCI1 Theoretically calculated con-
samples viv) centration of groups (mmol/
DPTES MPTMS DPTES MPTMS sz)
0 POH1 SOH1 PH1 SH1 1.6x1073
1/4 POH2 SOH2 PH2 SH2 4.0x10™
1/10 POH3 SOH3 PH3 SH3 1.6x10™
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groups, respectively, (mol/L); vp)on), and vy,on are the
amounts of functional groups and added titrant (mol), and
Vis a total volume of the solution (L).

The ability of functionalized membranes to sorb metal
cations from the water solution was determined for lead(Il),
cadmium(II) and chromium(III) ions in static conditions
with a solid-to-liquid ratio of 1:450 at a constant temperature
of 25 °C. The initial concentrations of metal ions in their salt
solutions were 100 mg/L (pH 6). The amount of metal cati-
ons in the solution before and after sorption was determined
by atomic absorption spectrometer AAS/AES Perkin Elmer
1100 AA Spectra. Sorption capacity (Q,, mg/g) of function-
alized membranes was calculated using Eq. (6):

0, = L= GV ©)
m

where C; and C,, are the initial and the equilibrium concen-

trations of metal ions, respectively, (mg/L), V is the volume

of heavy metal ions solution (L), and m is the weight of

membrane with sorption layers (g).

The membranes were tested in the filtration of water and
lead(II) ion solutions using the Amicon stirred ultrafiltration
cell. Working pressure was 0.1 MPa. The ratio of the volume
of the lead(II) ion solution to the membrane area was 10 mL

CoHs0 :
C2H50>Sl_(CH2)2_P—(OC2H5)2

Results and discussion

Sol-gel method based on the reaction of hydrolytic co-
condensation of alkoxysilanes was used to functionalize
polymeric PVDF 400 membranes with polysiloxane layers
containing thiol and phosphonic functional groups. How-
ever, the peculiarity of such a reaction is the necessity to
determine suitable synthetic conditions for each particular
system. As it was already mentioned, DPTES is widely
applied to incorporate phosphonic groups in the struc-
ture of silica sorbents, but the ordinary procedure usually
involves post-synthetic acidic hydrolysis of its phosphate
groups. Whereas the structure of PVDF 400 membranes can
deteriorate when in contact with an aggressive medium of
concentrated hydrochloric acid, we altered the conventional
approach, and the phosphate groups of DPTES were hydro-
lyzed to phosphonic prior to the sol-gel synthesis.

Synthesis and properties of phosphonic acid group
precursor

Preparation of the phosphonic acid group precursor was car-
ried out by the treatment of DPTES with boiling concen-
trated HCl, following the procedure described by Barnes and
David (1960). The hydrolytic reaction of DPTES is shown
in the following scheme.

HO
b

, 1
> HO®Si—(CH,),—P—(OH),

HCI, H,0, 80°C

C,Hs50 (DPTES)

HO (H-DPTES)

per 5.3 cm?. The removal efficiency (R, %) was calculated
using Eq. (7):

CP
R= (1—E>x100%, 7

f

where C, and C; are the concentrations of permeate and feed,
respectively, (mg/L).

The water flux (J,, L/m? h) of distilled water through the
membrane was determined using Eq. (8):

4
7 ®)

07 Sx¢t’

where V is the volume of permeate (L), S is the effective
membrane area (m?), and ¢ is the permeation time (h).
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Fig. 1 Potentiometric titration curves of H-DPTES with varying
solid-to-liquid ratios indicated in Table 2
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Table 2 Potentiometric data of H-DPTES calculated from Fig. 1

solid-to-liquid ratio Molecular weight pK, pK,
(g/mol)

1:500 191 2.6 6.9

1:1000 227 2.8 6.7

1:2000 182 3.0 6.7

Average 200 2.8 6.8

The resulting substance H-DPTES is hydrolytically
unstable and soluble in water and alcohol. To function-
alize the membranes with the required content of phos-
phonic groups, it is necessary to know the equivalent of
H-DPTES weight corresponding to one phosphonic group.
For this purpose, potentiometric titration of the H-DPTES
was performed, which allowed calculating its molecular
weight assuming the composition (OH);SiCH,CH,P(O)
(OH), x nH,0. The potentiometric titration curves and cal-
culations are given in Fig. 1 and Table 2. The molecular
weight of (OH);SiCH,CH,P(O)(OH), is 189 g/mol, but
the estimated molecular weight of obtained compound is
higher (see Table 2), which may be due to the presence of
water. In fact, the molecular weight of the prepared hydro-
lyzed sample, calculated from potentiometric titration data,
varies as shown in the Table 2. Thus, it can be concluded
that we have a mixture of (OH);SiCH,CH,P(O)(OH),, its
dimer (OH),(O)PCH,CH,Si(OH),—~O—(OH),SiCH,CH,P(O)
(OH),, and water.

The presence of two clearly pronounced steps in the
potentiometric titration curves (Fig. 1) indicates the disso-
ciation of two protons from the phosphonic group, which
indirectly confirms the hydrolysis of ethoxy groups near the
phosphorus atom.

Phosphonic ionization constants of H-DPTES were also
determined from the potentiometric titration curves. For
comparison, the ionization constants for phosphoric acid are
pK,=2.2, pK,=7.1, pK3=12.3. The lower the pK value, the
more molecules dissociate in solution and, consequently, a
stronger acid. According to Table 2, the acidity of the groups
in H-DPTES is close to the values for phosphoric acid, while
somewhat lower pK, value may be due to the impact of
silanol groups.

Formation, morphology, and stability
of polysiloxane layers

The UF PVDF membranes were functionalized by the depo-
sition of the active layers containing phosphonic or thiol
groups as schematically depicted in Fig. 2a. We analyzed the
peculiarities of the deposited layers, depending on the cata-
lyst of the reaction used in the systems of TEOS/DPTES and
TEOS/MPTMS, as well as the impact of the functionalizing

sol dilution on the characteristics of the formed layers. The
initial PVDF 400 membrane consists of a three-dimensional
network of polyvinylidene fluoride on the support of coarse
polyester fibers. According to SEM images, the cavities of
PVDF network are about 1 pm in size (Fig. 2b), and the
diameter of polyester fibers is about 10 pm (Fig. 2c).

The formation of polysiloxane layers on the membrane
surface was investigated using SEM. The nature of the
catalyst and trialkoxysilane is reflected on the texture of
the resulting layers. Specifically, the processes of dissolu-
tion and precipitation of silica occur quickly in the alkaline
environment while the particles are negatively charged and
mutually repelled, so that the particle growth prevails over
their aggregation (Iler 1979). Therefore, NH,OH-catalyzed
reaction should result in the formation of the layer with dis-
tinct particles (Kosak et al. 2013), which was observed for
the membranes with phosphonic groups (Fig. 3a). The active
layer of POH1 consists of polydisperse particles and has
multiple cracks. A similar picture is observed for the mem-
brane with thiol groups produced in the NH,OH-catalyzed
process (Fig. 3b). However, its particles are not so noticeable
and there are no cracks, which can be explained by the inter-
action of the sol with the membrane, since both the mem-
brane and the thiol groups possess hydrophobic properties.

In the HCl-catalyzed reaction, the processes of polymeri-
zation and depolymerization of silica are slowed down, and
the particles are practically uncharged, so they aggregate
into gel networks (Iler 1979). Therefore, the layers prepared
in an acidic medium are fairly homogeneous. Membranes
functionalized with thiol groups in an acidic medium have
breakages on the surface (Fig. 3c), which can be explained
by the shrinkage of the gel during drying. Meanwhile, the
membranes coated with phosphonic groups-bearing layers
in an acidic medium are distinguished by the homogene-
ity of the coating and the absence of cracks (Fig. 3d—f). In
Fig. 3d, there is a defect in the coverage of PH1 (it should
be mentioned that this is a single case), which can be used to
estimate that the coating on the membrane features a dense
layer. In the case of PH3 (Fig. 3f), the layer is granulous and
is about 1.3 pm thick. Obviously, the dilution of the func-
tionalizing sol results in the reduction of particles mutual
collisions and they are more likely to grow in size.

The stability of the functional layer on the membranes
was analyzed based on the weight difference before and
after the water pressure treatment. During the washing of
the membranes, their weight decreased by 0.1-0.7% (Fig. 4).
Increasing dilution of functionalizing sol tends to decrease
the loss of functional layer, except for samples with phos-
phonic groups synthesized in NH,OH-catalyzed reaction
(POH1, POH2, POH3). Since the surface layers of these
samples are formed by spherical particles which are more
pronounced than for the other samples (Fig. 3a), the denser
functional layer (POH1) is held better on the surface of the
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Fig.2 Scheme of membrane

functionalization (a) and SEM //Etg
images of UF polymeric mem- I
brane (porous polyvinylidene
fluoride network (b) and polyes-

ter fibers (c¢)) EtO

where (-CH,CH,P(O)HO),) o ( -CH,CH,CH,SH )

/;olymen‘c membran% |

membrane. It distorts the general tendency of changing the
weight loss with the degree of sol dilution. Samples PH2
and PH3 are the most resistant to washing.

Retention of metal ions from aqueous solutions

The PVDF membranes functionalized with thiol or phos-
phonic groups were tested for the static sorption of lead(II),
cadmium(II), and chromium(III) cations (Fig. 5). The
maximum capacities for lead(Il) ions were above 13 mg/g
for PH1, about 10 mg/g for PH2, above 8 mg/g for SH1
(Tomina et al. 2014) and POH1, and about 5 mg/g or lower
for other samples. Thus, functionalization with phosphonic
groups was preferable to the functionalization with thiol
groups in the uptake of lead(II) ions. Comparing the sam-
ples with the same groups’ content, the layers prepared via
HCl-catalyzed process possess higher sorption capacity. To
compare, Kosak et al. (2017) synthesized silica nanoparti-
cles with a much higher SH groups content using MPTMS
in alkaline medium, but their capacity was 10.8 mg (Pb)/g.
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The extraction of cadmium(Il) ions by all membranes was
higher than 5 mg/g, with the most effective SH1 and SH2
(above 12 mg/g) and slightly less effective POH1, POH2
and PH2 (about 10 mg/g). Regardless of the catalyst, mem-
branes with thiol groups showed somewhat higher removal of
cadmium(II) than chromium(III) or lead(II) ions. It also should
be mentioned that the thiol-functionalized membranes are
characterized by higher sorption capacity than, for example,
membranes functionalized with an additional sorption layer
containing Schiff bases—5.2 mg (Cd)/g (Gao et al. 2017),
or polydopamine—11.9 mg (Cd)/g (Fang et al. 2017). Inter-
estingly, that Irani et al. (2011) prepared membranes using
MPTMS, where SH groups were located in the entire volume
of the composites, but their capacity of 5-25 mgCd/g does not
exceed significantly the results obtained in our research.

The maximum extraction of chromium(III) ions was 10.5
mg/g by sample PH1, 7 mg/g by PH3, about 5 mg/g by PH2
and SH3.

The experiments with non-functionalized PVDF mem-
brane support showed that it is also capable of absorbing a
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Fig.3 SEM images of the
functional layers obtained with
an alkaline catalyst (a-POH1,
b-SOH1) and an acidic catalyst
(c-SH1, d-PH1 e-PH2, -PH3)

X5, BB TN

certain amount of chromium(III), lead(I) and cadmium(IT)
ions Cd** > Pb>* > Cr’*. However, the ions uptake after
functionalization is drastically increased due to the compl-
exation with functional groups and additional ion-exchange
adsorption on silanol groups of silica (Stolyarchuk et al.
2018).

The adsorption capacity of the active layer may depend
on the size of the cation (Melnyk et al. 2012), the distance
between the functional groups, as well as the composition
of complexes that form on the surface (Graillota et al. 2013).
In some cases, when it comes to the sorption of bivalent
and trivalent metals, the presence of two or three functional
groups together on the surface of the silica particles is nec-
essary for complexation. When such location is impossible

due to geometric obstacles or blocking of groups, sorption
decreases. Therefore, sometimes there is no direct relation-
ship between the number of functional groups fixed on the
surface of the membrane and the sorption capacity. How-
ever, the adsorption of the divalent cation can also occur
on one phosphonic acid residue, since it is a diprotic acid.

The relatively low adsorption of lead(Il) ions on thiol-
containing membranes can be explained by the formation
of disulfide bridges between closely spaced groups, where-
upon they cannot interact with lead(Il) ions. Meanwhile,
cadmium(II) ions can adsorb on sulfur-containing sulfide
and sulthydryl groups (Liang et al. 2009).

Based on the above-mentioned data on the morphology
of the active layer, its resistance to flushing and sorption
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Fig.4 Weight loss by the membranes after water pressure treatment

abilities, PVDF membranes functionalized with phosphonic
groups via HCl-catalyzed reaction were selected for test-
ing in the membrane cell. A solution of lead(II) ions with
a concentration of 100 mg/L (0.48 mmol/L) was filtrated
through the membranes in Amicon stirred ultrafiltration cell.
Such a concentration was chosen based on the considerations
that the membrane separation was used for purification of
water with ion concentrations of 100 mg/L and lower. The
water flow through the initial UF membrane support was
400 L/m? h and it showed no rejection of lead(II) ions. The
results of testing functionalized membranes are presented in
Table 3. The degree of water purification from lead(II) ions
depended on the concentration of functionalizing sol: the
higher the sol dilution, the lower the removal efficiency. Por-
tions of permeate were taken for analysis and the maximum
removal efficiency was observed at 10% degree of perme-
ate collection, decreasing subsequently. The concentration
of lead(Il) ions in the concentrate after the first cycle was
5% lower than the initial one, which indicates the processes
of ions adsorption on the surface of the functional layers.
According to Table 3, after the second cycle, which was
carried out without regeneration, there is a slight increase
in ion concentration in the concentrate for membranes PH1
(5% higher than the initial) and PH3 (3% higher), which
indicates an insignificant manifestation of the membrane
separation mechanism.

The flux of water through the functionalized membranes
is quite high and increases with increasing sol dilution. The
water permeability of the membranes in the second cycle
is lower than in the first, indicating a change in the struc-
ture of the functional layers at the initial stage. The flux
of water through the membranes depends on the param-
eters of the initial membranes and tends to decrease up to
70% after functionalization with an additional complexing
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Fig.5 Pb(I), Cd(I) and Cr(III) ions sorption capacities of UF (initial) and functionalized membranes
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Table 3 Flux and lead(Il) removal efficiency (R) by the membranes
with phosphonic acid groups at different degree of permeate collec-
tion (DPC)

PHI1 PH2 PH3

The first cycle
Flux 35L/m*h 400 L/m? h 400 L/m* h
R at 10% DPC 47% 32% 8%
R at 20% DPC 34% 16% 5%
R at 30% DPC 34% 10% 5%
R at 40% DPC 21% 10% 3%
Concentrate 5% 5% 5%

The second cycle
Flux 30 L/m* h 115L/m*h 240 L/m’ h
R at 40% DPC 10.5% 0% 5%
Concentrate —-5% 0% -3%

layer, similar to Tomina et al. (2016), Fang et al. (2017),
and Choudhury et al. (2018). The flux of water through the
resulting composites is quite high, which explains the low
degree of purification by the membrane separation mecha-
nism (Yin et al. 2016). The results that were obtained in our
research are consistent with the results of the removal of
copper(Il) ions by ceramic membranes with amino groups
(Tomina et al. 2016), which were part of the polysiloxane
active layer. Apparently, this testifies to the identity of the
water purification mechanisms with similar materials.

Conclusions

The surfaces of UF PVDF membranes were function-
alized by phosphonic [=Si(CH,),P(O)(OH),] or thiol
[=Si(CH,);SH] groups incorporated into the polysiloxane
layers using the NH,OH- and HCl-catalyzed reactions.
According to SEM images, the most developed porous
structure is inherent in the samples with phosphonic groups
synthesized using acidic catalyst and the highest sol dilu-
tion (sample PH3). The most hydrolytically stable are the
active layers of the membranes PH2 and PH3. Membranes
with thiol groups are suitable for purification of water from
ions of cadmium(II), whereas the membranes functionalized
with phosphonic groups are promising for purification of
water from chromium(III), cadmium(II) and lead(II) cations.
Membranes with phosphonic groups are characterized by
high water flux values, and water purification occurs due to
the sorption mechanism.
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